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ABSTRACT 

The optimum design of a free standing cantilever retaining 
wal] has been carried out in this work 

The analysis of the wall has been carried out assuming that 
the foundation is, (i) Rigid and (li) Flexible For rigid 
foundation behavior, a linear bearing pressure distribution is 
obtained under the wall footing, which simplifies the analysis 
considerably. For flexible foundation behavior, the wall footing 
has been modeled as a beam on a one parameter elastic foundation, 
subject to loads caused by the retained earth. This analysis is 
carried out by the variational finite element method. 

The objective function to be minimised is the material cost 
of the retaining wall, per meter length. Constraints are 
considered for stability of the soil, the retaining wall, and for 
the structural strength requirements of the wall. 

The resulting non-1 inear optimum design problem is solved by 
the interior penalty function method The Davidon-Fl etcher- 
Powell variable metric method is used to carry out unconstrained 
mi imization. A three point quadratic interpolation method is used 
to perform linear minimisation 

Results are presented for four classes of cohesionless soil 


with the wall heights varying from three to six meters 
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CHAPTER 1 


INTRODUCTION 


1.1 Introduction 

A wall designed to maintain a difference in the elevations of 
the ground surfaces on each side of the wall js called a retaining 
wall. It IS a very common civil engineering structure and is used 
extensively in railways, bridges, canals and other engineering 
works Fig 1.1 identifies the parts of and terms used in 
retaining wall design. Fig 1.2 illustrates the various types of 
retaining walla in use. 

Retaining walls require substantial dead weight to resist 
overturning and sliding from lateral earth pressure. A gravity 
retaining wall utilizes entirely its own weight to produce the 
necessary stability. Cantilever and counterfort retaining walls 
utilize the weight of the soil itself to produce stability. 
Semi-gravity walls are intermediate between the cantilever and 
gravity types Mechanically reinforced earth walls which use 
reinforcement in the backfill to resist the lateral earth pressure 
are also in use 

Amongst the reinforced concrete retaining walls, the 
cantilever wall is most widely used as it is economical. It is, 
therefore, intended to investigate and study the optimum design of 
cantilever retaining walla. 

Cantilever retaining walls are used in basement of buildings, 
as abutments for bridges, as flood walls in irrigation works as 
well as for retaining ores, minerals and other granular materials. 



Uhile the cantilever retaining walls used in buildings and bridges 
are partially restrained at their free end, the others are free 
standi ng 

Different types of free standing cantilever retaining walls 
are illustrated in Fig.l 3. These walls are seen to be made up of 
three cantilever beams; the vertical stem, the toe projection and 
the heel projection. Fillets may be provided when the depth of the 
heel and toe projections are unequal The sliding resistance can 
be increased by providing a key. 

1 2 Scope of the Present Uork 

The present work deals with the optimum design of a free 
standing cantilever retaining wall as shown in Fig. 1.3(c). 

The analysis of the wall footing has been carried out by 
(i) conventional method and (ii) finite element method. The 
conventional method is the one which is used even now in most of 
the design offices. It assumes the foundation as rigid, whereby, a 
linear bearing pressure distribution is obtained under the wall 
footing This considerably simplifies the analysis. The second 
method used in the present work is a more rigorous and realistic 
approach as it considers soil structure interaction. The wall 
footing has been model ed as a beam on a one parameter elastic 
foundation, subject to loads caused by the retained earth. The 
variational finite element method has been used to carry out this 
analysis. Both these methods of analysis are presented in chapter 
two . 

The objective function for optimum design is to minimize the 
material cost of the retaining wall per meter length. Constraints 
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arise due to the requirements of stability of the soil containing 
the wall, stability of the wall itself, and the structural 
strength requirements of the wall. The formulation of the optimum 
design problem is discussed in chapter three. 

The resulting inequality constrained nonlinear mathematical 
programming problem is solved by the interior penalty function 
method. The Davidon - Fletcher - Powell variable metric algorithm 
has been used for unconstrained minimization. A three point 
quadratic interpolation method has been used for linear 
minimization. These methods are discussed in chapter four. 

Results are presented in chapter five for four classes of 
cohesionless soils, namely, gravel, well graded sand, uniformly 
graded sand and non-plastic silt. 

1.3 Lateral Earth Pressure Phenomena 

This section discusses the relevant soil properties, types of 
lateral earth pressure and the computation of lateral earth 
pressure 

1.3.3 Soil Properties 

The important soil properties used in the present work are 
defined below. 

Uith reference to the direct shear test (Huntington, 3957), 
we define 

(a) Angle of shearing resistance (<^) as the slope of the 
rupture line. 

(b) Cohesion (c) as the unit strength of the material 
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corresponding to zero normal pressure on the surface 
of f ai ] ure . 

(c) Shearing strength (s) expressed by the Coulomb’s 
equation as 

s-c+ntan^ (1.1) 

where s is the unit shearing strength of the soil, 

n IS the unit normal pressure on the surface of 
fail ure , 

c and <p are as defined above. 

Further, we define, 

(d) Density of the soil (y) which varies with the moisture 
content and the degree of compaction of the soil 

and 


(e) 


Modulus of subgrade reaction (K ). Let the average 

3 

contact pressure between the foundation and the soil be 
denoted by P^. If the corresponding average settlement 
IS denoted by then, the ratio 


K 


s 



( 1 . 2 ) 


is called the modulus of subgrade reaction. 


1.3.2 Types of Lateral Earth Pressure 

The lateral pressures in a soil mass are greatly affected by 
any lateral deformation which the mass may have experienced. 
Lateral earth pressures are classified as (J ) earth pressure at 
rest (ii) active earth pressure and (lii) passive earth pressure. 

Earth pressure at rest is associated with zero horizontal 
strain in the soil mass This takes place in natural deposits. 



Active earth preeeure exista in a aoJ 1 aaas when It haa been 
extended laterally Thia la the minimum preaaure that the aoll can 
exert on the wall . 

Paeaive earth preaaure exiate in a aoii maaa when it has been 
cofflpreaeed laterally This la the maximum proasure that the soil 
can exert on the wall. 

The magnitude of the active and passive pressures depend on 
the shearing strength, s, of the soil. 

1.3 3 Computation of Lateral Earth Pressure 

All theories and methods for determining lateral earth 
pressure due to cohesion! ess or cohesive soil can be grouped under 
Rankine's or Coulomb's method according to their basic 
assumptions. As suggested by Huntington (1957), Rankine’s method 
can be used for free standing cantilever retaining walls without 
significant error. Hence, in the present work, Raukine’s method 
has been used to evaluate the lateral earth pressures. 

Rankine's equations give the lateral earth pressure on the 
virtual back of the wall. Referring to Fig. 3. 4, the resultant 
active earth pressure is given by 

K r ^ 

P - (3.3) 

* 2 

where K = cos <i> 

a 

<10 IS the jncljnation of the surcharge to the horizonta] , 

H la the height of the virtual back of the wall, 

K is the coefficient of active earth pressure. 

a 


cos CO 


- / 


S' ^ ^ 

cos CO - cos 4 > 


cos <o 


* 


cos <*> - cos 
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The resultant passjve earth pressure is given by 


K y H 
P 


(3 4) 


where 


K - cos 
P 


cos 


, /■ 


co&^<^ - co©^ 4^ 


cos 6 l) - 




7 & . 

COS iii - cos 


is the coefficient of passive earth pressure. 

The Rankine earth pressure theory requires adequate lateral 
deformation in the soil to mobilise the maximum shearing strength 
of the soil. Ihe amount of wall movement required to produce the 
active or passive states in the soil depends mainly on the type of 
backfill material used Table 1 3 gives the outward movement of 
the wall which is necessary to produce an active state of stress 
in the retained soil. 


IMIS. L-JlI movement of uall necessary to produce active pressure 


Soil type 

Uall yield 

Cohes j onl ess , dense 

0.003 H - 0.00? H 

Cohesionless, loose 

0.002 H - 0.004 H 

Cohesive, firm 

0.03 H - 0.02 H 

Cohesive , soft 

-- -- 

0.02 H -- 0.05 H 


The wall deformation required to produce the active state in 
a cohesive backfill may be up to ten times greater than that for a 
cohesionless backfill. Also, cohesive soils have low shearing 
strengths. Thus, the corresponding active earth pressure for a 
particular wall movement will be higher if cohesive backfill is 
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us«d Hence, cohesive backfills are not considered in the present 
work 

For free standing cantilever retaining walls with 
cohesionless backfills, on soil foundations, adequate fflovement 
usually takes place so that the active earth pressure obtained by 
Rankine's equations may be assuoed to act on the wall 

1.4 Forces Acting on Retaining Ualls 

The forces acting on a free standing cantilever wall are 
illustrated jn Fig. 1.5 A unit length of the cross section of the 
wall and the retained soj 1 la considered for the purpose of 
analysis and design of the wall The various forces which act on 
the wall are as follows. 

(a) The weight of the wall, weight of the soil above the 
heel and the toe projections. The resultant of these 
weights IS denoted by U. 

(b) The active earth pressure against the back of the wall, 

denoted by P . Ihis is due to the lateral thrust of the 
a 

retained earth It is calculated on the vertical plane 
through the rear of the heel which is referred to as the 
virtual back of the wall. 

(c) The normal component of the foundation pressure. The 
resultant of this is denoted by 'k V. 

(d) The horizontal component of foundation pressure. The 
resultant of these components is indicated by L H. 

(e) Passive earth pressure against the face of the wall, 

denoted by P . 

P 



The present work considers the forces (**) through (e). 
However, the following additional forces may arise depending on 
the situation and the purpose for which a wall is constructed: 

(f) Surcharge loads, 

(g) Uater and seepage pressures, 

(h) Uplift, 

(i) Vibration due to traffic, 

(j) Impact, 

(k) Ice thrust and frost action, 

(l) Earthquake force in seismic zones 

Forces from (f) to (1) listed above, have not been considered 
in the present work 


1.5 Brief Review of Literature 

Keskar (1976) carried out the optimum design of a cantilever 
retaining wall considering rigid foundation behavior only. The 
optimum design problem had four sizing variables and eight 
behavior and side constraints each. Results were presented for 
five classes of soil. 

Hetenyi (1946) published classical solutions for a finite 
beam on an elastic foundation with various boundary conditions. 
Later, Uang (1970) and Bowles ( 1974 ) gave the finite el em€‘nt 


solution for finite beams on elastic foundation. 
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FIG. 1.1: PARTS OF A RETAINING WALL 
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FIG.1 2 TYPES OF RETAINING WALLS 
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FIG. 1.4: RANKINE EARTH PRESSURE THEORY 
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VfRTUAL BACK 



FIG. 1.5: 


FORCES ACTING ON A RETAINING 
WALL . 


CHAPTER II 


METHOD OF ANALYSIS 


2 . 1 General 

The analysis of a free standing cantilever retaining wall 
consists of analysis of the wall stem and that of the wall 
footing. The following assumptions are made in the analysis: 

(i) The wall has a vertical back; The face of the wall is 
provided with a minimum batter of 1 in 50. 

(ij) The backfill is homogeneous, isotropic, dry, level and 
IS of cohesionlesa soil 
(lii)There is no surcharge on the backfill. 

(iv) Adequate wall movement takes place to produce active 
state in the backfill. 


2.2 Analysis of the Wall Stem 

The forces acting on the wall stem are illustrated in 
Fig. 2.1 . They include: 

(i ) The earth pressure on the stem, denoted by P. . 

D 

(ii) The self weight of the stem, denoted by U . 

The base of the stem experiences maximum shear and maximum 

moment. The shear is equal to P. The moment, denoted by M. , will 

b b 

be given by PH / 3 . The direct compression and moment caused 

O S X 

by the self weight of the stem are small quantities and are 


usually neglected. 
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2.3 Analysis o£ the Uall Footing 

The wall footing has been analyzed by two methods Ihey are: 
(j) The rigid foundation approach. 

Cii) The flexible foundation approach. 

These methods are discussed in sections 2.3.3 and 2.3.2 
respectively . 


2.3.1 Rigid Foundation Approach 

This approach is based on the following assumptions: 

(i) The foundation is rigid relative to the supporting soil 
and the compressible soil layer is relatively shallow. 

(ii) The contact pressure variation is assumed as linear, 
such that the centroid of the contact pressure coincides 
with the line of action of the resultant force of all 
loads acting on the foundation. 

The soil pressure can be computed from principles of 
mechanics of materials for combined bending and axial stresses. 
The foundation bearing pressure at the free end of the heel and 
toe projections is given by 


P 


heel 


E 1 

B 


1 . 0 


6_ e 
B 


P 


toe 


V_V 

B 


1.0 + 


6 e 
B 


(2 1 ) 


where F V is the vertical component of the resultant 
loading on the base, 

B is the width of the base, 

e is the eccentricity of the resultant loading. 
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The above expreesions are valid only when the resultant 
loading lies within the middle third of the base. The design 
loadings on the heel and toe projections are shown in Fig. 2.2 
The maximum shear and maximum moment for the heel and the toe 
projections occur where they meet the wall stem. 

The rigid foundation approach is adopted in the convent i ojial 
method of analysis of the wall footing as mentioned is section 
1.2 . 

2.3.2 Flexible Foundation Approach 

In this approach, the effects of flexural rigidity of the 
footing and the elasticity of the soil are considered. A number of 
elastic foundation models are available In the present work, a 
one parameter elastic foundation model has been used. The wall 
footing has been analyzed as a beam on an elastic foundation This 
analysis is based on the following assumptions: 

(i) A Ulnkler foundation model is used. It Is assumed that 
the foundation applies only a reaction q(x) normal to 
the beam and that q(x) is directly proportional to the 
deflection of the beam, that is 

q(x) = y(x) (2.2) 

s 

where y(x) is the deflection, 

(ii) The foundation cannot take any tension. 

(iii) The frictional forces on the surface of contact of the 
beam and the foundation are not being considered. 

(iv) Shear deformation of the beam is not being considered. 
The flexible foundation approach is used with the variational 

finite element method to analyze the wall footing. The finite 
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element method of analysis used In the present work Is discussed 
xn the next section 


2.4 Finite Element Analysis of a Beam on a Uinkler Foundation 

Referring to Fig 2.3, the differential equation of a beam on 
a Uinkler foundation is given by 


Sx 


El 

Sx^ 


+ K^y - p = 0 


(2.3) 


where El is the flexural rigidity of the beam, 

p IS the loading intensity on the beam. 

This differential equation is to be cast in its vaiiational 

form let y be the solution of (2 3) and let <5y be its variation 

Then, multiplying (2 3) by <5y and integrating over the entire 

domain, we get 
L 




' El ' 

+ K y - p 



ax’ J 

a 


0 


6y 


dx 


0 


(2.4) 


integrating (2.4) by parts, we get 




y dx - 0 ( 2 . 'i ) 


* 

^ Vo . 



ia 




El 


= Vi. 


X = L 


El 




* 

Mo , 


X =■ 0 


El °-l \ \ ^ Wi 

Sx 

■■ = L 

Substituting C?. 6 ) into (2.5) and simplifying, we get 

6 ICy) ~ 0 where 

L 

( 

i(y) = 



E I 

r >2 

r ^ y 1 

V, y 

* 


■ 7 


", 2 " 

dx ■» Vi y 


( 2 . 6 ) 


X I. 


Ml. ~ 
d’x 


- Vo 


Mo 


dy 

6>x 


(2.7) 


lx = L Jx = 0 *x •• 0 

I(y) IS the variational functional. The highest order 
derivative appearing in the functional is of order two. Therefore, 
for completeness and compatibility, the approximating function is 
of the form 


y = ai + a 2 X + a^ X* + a^ x^ 


(2 B) 


A typical beam element ia shown in Fig 2.4 . The degrees of 
freedom at each node are the deflection, y and the slope, Now, 

eliminating the four constants a^ , a 2 , , and a^ by using the 

^ V 

values of deflection y and slope . 3 - at the two nodes, we get 

9X 




(2.9) 
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where 


{ } 


is the shape function vector and 

T 




< O 2 

ax~ ’ ^2 ’ sx' 


} 


is the element displacement vector, 

,T 


Let 


where 


Let 


&{“•} 

{^} 


be the globa] disp] aceHiont vector. The 


between the element displacement vector and the 
displacement vector may be expressed as 




The functional I(y) has to be expressed in terms 
global displacements. Substituting (2 9) and (2.10) into ( 
rearranging, we get 


NE 


^ {"f 1 [ M M'* M"*} {“f ] 


dx 


6^=1 

NE X® 


I [ J ' {■•}' 1 M 


+ Vn y 


e=-l 


- Vo y 


+ Ho 


'x = 0 


d'y 

»x 


X = L 


X = 0 


n * 


( 2 . 10 ) 

relat i on 
global 

(2 11 ) 

of the 
2 7) and 



( 2 . 12 ) 


where NE denotes the number of el ements 
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Let the tera 


* 

Vi y 


M 

- Ml. -~ 

t 

X - L 


- Vo y 


X = L 


'x - 0 


. M 

•» Mo - 5 - 
Sx 


fx - 0 


bo expressed as 



where 


18 an 

external force 

vector . 

Referring 

e 

X 

& 

to (2 

12 ) , wo def ine 


[■'1 

^ J [ei 

0 

X 

1 




as the element 

c 

■vr 

stiffness matrix. 



A 

2 

. . j p 

0 

X 

1 


dx 


as the o3 ement 

f orco 

vector . 



T 


C2 13) 


(2.14) 


Substituting (2.13), (2.33), (2.14) into (2.12) and further 
simplifying, ve get 


i(y) 


NE 

■M‘}' I l‘')’[--l [-•] {*) 

L e=l J 


r NE 


E[*-] {'•)•{>■) {*) 


«- e=l 


NE 


[«]■ I [*•] [>•] [*•] 

e= 3 

as the global stiffness matrix, 

0=1 


(2.15) 


(2.16) 


(2.17) 


as the global force vector. 

Substituting (2.16) and (2.17) into (2.15) and simplifying, 



we get 




(2.18) 


ICy) has thus been reduced to an ordinary function of the 


unknown vector 


{^) 


Extroroising I(y) wj Ih respect to 




^ ICy) 




Therefore, we get 


K IS symmetric ^ j ” [ ^ j 

["]{■)■{') 


(2.19) 


These are the finite element equations. The element stiffness 
matrix and the element force vector are numerically integiated by 
using the Gauss - Legendre quadrature with four gauss points. The 
shape functions in the natural coordinates are. 


2 - 3 ^ + ?■ 


i‘®r K 

-g[ 1 - « - ? * « _ 


2 . 3 t - ? 


I'Of ^ ^ k «» 

-ell*' - « - « 


C2 . 20) 


where Le denotes the element length 


Once the global displacement vector 




has been found, the 



saeiiiber end action© are found by using the relation 


vrhero { f ''2 ■ «2 } 

e t 

= shear at the i node of monber, 

M? = moment at the node of member 

The maximum shear and maximum moment for the elements of the 

heel and the toe projections is found out. The maximum deflection 

of the footing, denoted by y , is found out. This on being 

max 

multiplied by the subgrade modulus, k , yields the maximum 

s 

foundation pressure, P . These quantities are considered for the 

max 

optimum design of the retaining wall. In the event of tension 

being developed in the foundation, an iterative scheme is adopted- 

At first, the nodes where tension develops, arc identified The 

Uinkl er modulus, K , is set to sero at these nodes. The system is 

s 

reanalyzed. Convergence takes place when no further nodes develop 
tension. 

2.5 Discr et izat i on 

Fig. 2.5 illustrates the dj scretj zati on adopted for the 

fooling. It also shows the loads acting on the footing of the 

retaining wall. The mesh consists of twenty finite elements. Six 
and twelve elements are used for the toe and heel projections 
respectively Two elements are used for the joint where the stem, 
toe projection and heel projection meet. Ihe dead load of the 

stem, U ^ , and the moment due to lateral earth pressure, M. , are 

St b 

applied at node no. 8 in the mesh. The location of node 8 is where 



',13 

the 3ine of action of W ^ meeta the foundation Since the joint Je 

St 

rigid, the flexural rigidity of the two elements that comprise it 
is taken to be a thousand times that of the elements jn the heel 
pro jection. 



24 



FIG. 2.1: 


FORCES ACTING ON THE 
WALL STEM . 
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FIG. 2 2 DESIGN LOADING ON THE TOE AND HEEL 
PROJECTIONS 



WEIGHT OF SOIL SELF WEIGHT BEARING RESULTANT 

ABOVE TOE OF TOE PRESSURE LOADING 


FIG 2 2 (g) RESULTANT LOADING ON THE TOE 
PROJECTION 



WEIGHT OF BACK FILL SELF WEIGHT BEARING RESULTANT LOADING 

ON THE HEEL OF HEEL PRESSURE ( MAY BE FULLY POSITIVE) 

FIG 2 2 (b) RESULTANT LOADING ON THE HEEL 
PROJECTION 
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FIG. 2.3: DIFFRENTIAL EQUATION FOR A BEAM 
ON A WINKLER FOUNDATION. 
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FIG. 2. 4 : 


A TYPICAL BEAM ELEMENT 
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FIG 2 .5: DISCRETIZATION AND LOADING ON 

FOOTING 



CHAPTER III 


FORMULATION OF THE OPTIMUM DESIGN PROBLEM 


3.1 Introduction 

The present wo k addresses itself to the optimuffl design of a 
free standing cantilever retaining wall on (i) rigid and (ii) 
flexible, foundations The formulation of the optimum design 
problem leads to the following nonlinear programming problem , 

. X 

to minimize F(X) 

subject to g^(X) 5: 0 , j - 3,2, , 

where N is the number of design variables, 

m is the total number of inequality constraints, 

F(X) is the objective function, 
t h 

g^(X) IS the j inequality constraint 


find the design vector X - 




X. 



3 2 Design Variables and Preassigned Parameters 

Referring to Fig. 3.1, the design variables in the problem 
are as follows : 

Xj — overall depth at the base of the stem, 

— overall depth of the toe projection, 

X^ — length of the toe projection, 

X^ — length of the heel projection, 

Xg — overall depth of the heel projection, 

X, — percentage of mam steel in the heel projection, 

6 

Xj — percentage of main steel at the base of the stem, 

X_ — percentage of main steel in the toe projection. 

o 



:<o 


The preaesigned parametere are the top width of the wall, 

denoted by T, the overall height of the wall, denoted by H , and 

w 

the properties of concrete, steel and soil 

3.3 Constraints 

The design of a retaining wall must satisfy the following 
requirements : 

(a) The soil containing the wall must be stable, 

(b) The retaining wall must be stable, 

(c) The wall must have adequate structural strength 

In the present work, the working stress method of I.S. 456 
1978, has been used to determine the structural strength of the 
wal 1 

The requirements, (a), (b), and (c), listed above, give rise 

to the following behavior constraints 

(i) Safety against overturning about the toe 

Let U denote the weight of the wall and that of the soil 

above the heel and toe projections Let X denote the distance 

w 

between the line of action of U and the toe The resisting moment 

IS then equal to U X . The overturning moment is given by 

w 

P. h - P B 
h V 

where and P^ are the horizontal and vertical components of the 
resultant active earth pressure against the virtual back of the 
wall, h is the height above foundation level at which P^^ cuts the 
virtual back. The factor of safety against overturning is then 


given by the ratio , 
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r u X 1 

w 

P. h - P B 

*- h V J 

The factor of safety oust be at least 2.0. The constraint is 


1 

£ (X) = 1.0 - - 

2 


U X 



P, h - P B 
h V 


(3.3) 


(ii) Safety against Sliding 

The external force causing sliding of the wall is Pj^ The 

force that resists the sliding is given by 

rV tan + c^B + 2/3 P 
b b p 

It IS assumed that only two thirds of the passive force P is 

P 

effective in resisting sliding. The factor of safety must be at 
least 1 5 The constraint is 


1 

g CX) - 1.0 

15 


ZV tan * 




+ 2/3 P 


(3.2) 


(iii) Limit on the eccentricity of the resultant loading on the 
foundation 

The eccentricity, denoted by e, must be limited to one sixth 
of the base width to prevent any tension from developing in the 
foundation. The constraint is 


«3(X) 


e 

B/6 


1.0 


(3.3) 


(iv) Haximum pressure on the foundation 

Let P denote the maximum foundation bearing pressure. This 
max 



3 ? 


must be less than A. , the allowable bearing capacity of the soj 1 , 

DC 

which is found by using the Meyerhof equations as explained in 
Appendix A The constraint is 


«4CX) 


P 

tnax 



1 .0 


C3.4) 


(v) Safety against slip circle failure 

Referring to Fig. 3.2, the factor of safety against slip 
circle failure along a trial arc is given by 

T.c' tan<^ + cl * 
n 

ET 


U r 

where 5:1 = (3 5) 

R 


The method used to compute the factor of safety is explained 
in Appendix B. The factor of safety must be at least 2.0 . The 
constraint is 

tand> + cl ' 

(3.6) 

ZT 


1 

g_(X) =10 

^ 2.0 


(vi) Moment of resistance of stem at the base 

The bending moment at the stem base is given by 


M. 


b st 
3.0 


The resisting moment is given by 


R = 
m 


h "st ] 


(3.7) 


(3.8) 


100.0 
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where , 


y) 


100.0 


1/2 



" 200.0 " 


- 1.0 + 

1 0 + 



“d ^7 



( 3 . 9 ) 


in. ia the modular ratio, 
d 

& . IS the permissible tensile stress in the steel, 

St 

d is the effective depth at the stem base, 
s 

The resisting moment must be greater than the bending 
moment. The constraint is 


Cg(X) = 1 0 



( 3 . 30 ) 


(vii) Shear resistance of the stem at the base 

The shear force at the base of the stem js P. . The shear 

D 

resistance per meter length at the base of the stem is 'i d . The 

c s 

shear resistance must be greater than the shear force The 
constraint is 


fi7(X) 



( 3 . 11 ) 


(viii) Moment of resistance of the heel projection 

Let the maximum bending moment on the heel projection be M^. 
The resisting moment is given by 


1.0 - n/3 


■“] 


st 


R ■- 
m 


100.0 


( 3 . 12 ) 
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where 


^6 ®d 

100.0 


200 0 

1 . 0 + 30 + 

a X 
d 6 


(3.1^ 


d, jB the effective depth of the heel projection. 

U 

The moaent of resistance must be greater than the ben‘d-1-*'^® 
moment The constraint is 


figCX) 


- 3.0 


(3 . ) 


(ix) Shear resistance of the heel projection 

Let the shear force at the junction of the heel projection 

and the stem be V. The shear resistance per meter length of ttie 

n 

heel projection at this section is The shear resistance must 

be greater than the shear force. The constraint is 


c h ! 


C9(X) = 


- 3 0 


C3 . 15) 


(x) Moment of resistance of the toe projection 

Let the maximum bending moment on the toe projection be 
The resisting moment is given by 


Xq ‘y d 

8 St 


R = 

ffl 




100.0 


n/2.0 


( 3 . 36 ) 


where 


^8 “d 


100.0 


3 . 0 + 1 . 0 + 


®d ^8 


i/z 

^1 1 


( 3 . 37 ) 


is the effective depth of the toe projection. 



The aioinent of resiatance must be greatex' than the bending 


otonent . The constraint is 


(xi) Shear resistance of the toe projection 

Let the shear force at the junction of the toe projection and 
the stem be . The shear resistance per meter length of the toe 
projection at this section is t d. The shear resistance must be 

C X 

greater than the shear force Ihe constrajnt is 

All the above eleven behavior constrains are considered when 
rigid foundation behavior is assumed. The constraint for limit on 
the eccentricity of the resultant loading on the foundation, 
g^CX), prevents tension from being developed for rigid foundation 
behavior This constraint, however, does not arise for flexible 
foundation behavior. The maximum shear forces, bending moments and 
the maximum foundation pressure are obtained from analysis carried 
out by the finite element method described in section 2.4 . 

3.4 Side Constraints 

The side constraints on the design variables are based on 

suggestion by Bowles (1988), Ferguson (1987), Huntington (1957) 

and I S. 456 - 1978. Let X , denote lover bound and X ,, denote 

iL iU 

*L h 

upper bound on the i design variable. The following bounds have 


T d 
c t 


1.0 


(3.19) 


m 




-3.0 


(3.18) 
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been considered in the present work 


where 


H 


H 


IL 


T + -y- 
50 

^lU 

=r 

W 

6 

2L 


0.150 

^2U 

=r 

0.15 H 

w 

3L 

- 

0.075 H 

w 

"3U 

= 

0.40 H 

w 

4L 

= 

0.10 H 

w 

^4U 

:= 

0.60 H 

w 

51 


0.150 

^5U 

= 

0.35 H 

w 

6L 

- 

Astmin 

^6U 


Astmax 

7L 

= 

Astmin 


- 

Astmax 

8L 

= 

Astffii n 

^8U 


Astmax 


(3 20) 


H js the total height of the wall, 
w 

T is the top width, 

Astmin IS the miniinuffl percentage of main steel permissible, 
Astmax js the maximum percentage of main steel permissible. 


3.5 Objective function 

The objective function is the material cost of the retaining 
wall per meter length, which can be expressed as 


where 


F(X) Uc Vc + US US 


(3.21) 


<< 


Uc is the unit cost of concrete in Rs/m' , 

d 

Vc 13 the total volume of concrete in m , 

US is the unit cost of steel jn Rs/ton , 

US is the total weight of the steel roinf orcement in 
tons . 

The percentage of main steel at the base of the stem is X^. 
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As the bending moment sn the stem rapidly diminiehee towards the 
top, 50% and 75% of the main steel is assumed to be curtailed 
at heights hc^^ and hc^ above the base respectively. The 
theoretical points of cut off are found keeping in view the 
requirements of minimum main steel in the section. Thus, the 
volume of main steel in the stem is 


V 

sm 


0.5 hCj + 0 25 + Hst) 


1 


^7 

1 s 


100.0 


(3.2?) 


For temperature and shrinkage, the horizontal reinforcement 
required is 0 25% of the gross cross sectional area of the stem 
In addition, vertical reinforcement equal to the minimum 
percentage of steel permissible in a section, that is, Astmin, is 
to be provided. Thus, the distribution steel in the stem is 

C T + X, ) (0.25 + Astmin) 

V = — Hst (3.23) 

® 2.0 100.0 


The volume of main steel in the heel projection js 


V 


hm 



300.0 


(3.24) 


The distribution steel in the heel projection is 

Astmin 


V. . = X. Xp 

^ 100.0 


(3.25) 


The volume of main steel in the toe projection is 


^3 ^8 ^ 


tm 


100.0 


(3.26) 



The distribution eo] in the toe projection is 


- ^2 ^3 


AstnJin 


100.0 


C3.27) 


Let denote the additional volume of steel required for 
development lengths, dower bars and lap splices Then, the total 
volume of steel is, 

V. ,-V +V_, + V. +V,,^+V^ +V, ^ + V, ^ (328) 
steel sm ad hm hd tm td Ld ^ ^ 


The total weight of steel, denoted by US, is 


US = V , 1 * / ^ tons 

steel st 


(3.29) 


where ?■ . is the unit weight of steel in tons/m 

S t 
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FIG. 3-T. DESIGN VARIABLES 



CHAPTER IV 


METHOD FOR OPTIMUM DESIGN 

4 1 General 

There are many methods available for the solution of a 
constrained nonlinear optimum design problem All these methods 
can be classified into two broad categories, namely, the direct 
methods and the indirect methods Among the direct methods are 
(i) The sequential linear programming method, 

(li) The gradient projection method of Rosen, 

Ciii)The feasible direction method of Zoutendijk, 

(iv) The generalized reduced gradient method. 

The indirect methods are basically sequential unconstrained 
minimization techniques like the penalty function methods and the 
augmented lagrange multiplier method. 

The interior penalty function method has been used in this 
work. It IS reliable and is easy to implement. 

4.2 Interior Penalty Function Method 

In this method, the constrained minimization problem is 
transformed into a sequence of unconstrained minimization problems 
by adding a penalty term to the original objective function. The 
penalty function suggested by Fiacco and McCormick is given 
by 

“ 1 

5 (X.r) - PCX) - r E --f r v r (4.1) 

j-1 «j^^^ 


where ®CX,r) is the penalty function and r is the penalty 
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paramet er . 

The flowchart for this aleorithm is illustrated Jn Fig. 4. 3. 
The algorithm is summarized as follows: 

(i) Start with an initial feasible point satisfying all 

the constraints with strict inequality sign, that is, 

g^ < 0 for j - 1,2, m. 

(li) Select the initial value of the penalty parameter r such 
that the contribution of the objective function and the 
penalty term to the penalty function ®(X,r) becomes 
equal . 

Cl li IMinimize 4(X,r) by using an unconstrained optimization 

method and obtain X . 

m 

(iv) Check for convergence of X^ to the optimum. 

(v) If the convergence criterion is not satisfied, set r = 
C' r , where C' < 1 and repeat from step (iii). 


Convergence criteria . Two termination criteria are used. The 
first IS to compute the relative difference 


6 ^ 


F (r , ) - F (r . ) 
min 1-1 min i 


F (r . ) 
min 1 


(4.2) 


and stop when this value drops below a certain fraction The 

second is when 


A = 




(4.3) 


where 


A = X^(r, ,) - X^Cr ) 

m 1-1 m 1 


IS the j 


th 


(4.4) 


component of A 
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The algorithfl! terminates when eJther criterion js satisfied 
in at least two successive iterations 


4.3 Unconstrained Iliniinizat i on 

The unconstrained minimum of i (X, r) is obtained by the 
Davidon - Fletcher - Powell variable metric method. The iterative 
procedure of this method is illustrated in Fip 4.2. It is 
summarized as follows : 

(i) Start with an initial design X^^^ and a symmetric, 
positive definite matrix which may be taken as the 

identity matrix Specify a convergence parameter . 
Set K - 0. Compute the gradient vector as 


(ii) Calculate the norm of the gradient 
If I C^^^jl < <9, then stop the 


(4.5) 

vector as | 
iterative process, 


otherwise continue. 

( i 1 1 )Calcul at e the search direction as 





(4.6) 

(iv) Compute 

the optimum step size ot - a 

K 

BO 

as to 

minimize 

F(X^^^+ « IS found 

by 

1 1 near 


f K ) 

minimization along the direction S^ 
(v) Update the design as 


jj(K+3) _ jj(K) 


(K) 


+ S 


(4 7) 



^4 


f K'l 

(vi) Update the matrix A as 


-(K+1). .(K) ^ „(K) ^ „(K) „ „ ^ 

A -A+n +N ,NkN matrices, where 

T 


M 


CK) . k ^ ^ 


sCK)_ ,^(K) 


C4.8) 


N 


CK) 


2 CK) 2(K) 


y(K)_ ^CK) 


with 


(4.9) 


,CK) 


^(K+l)_ ^(K) 


cCK-H)_ 


,CK) 


^(K) yCK) 


(vi) Set K - K + 1 and repeat from step (ii) 


In order to avoid any numerical difficulties the matrix A 


(4.30) 

(K) 


IS set to A^^^ after every 8 iterations 


4.4 Linear Hinimization 

Linear minimization is carried out by the three point 
quadratic interpolation method. The flowchart for this method is 
illustrated in Fig 4.3. In the first phase of this method, bounds 
are found on the minimum with due care taken to avoid any 
constraint violations. In the second phase, the objective 
function F(cii) is locally approximated by a quadratic 

H(ot) = a + bot + cot^ (4 11) 

the minimum of which occurs where 



dH * 

da = t>+2ca®0, or a - - bf 2c (4.12) 

The values of the conatanls, a, b, and c, are obtained by 
equating the value of H(a) with that of F(a) at three points, oe^ , 
oi^, and d^, and then solving the resulting equations. Convergence 
takes place when 

1 H (a*) - F(a*) j 

6 = 5 (4.13) 

{ HCa ) 1 

becomes less than a certain fraction c. If convergence is not 
satisfied, the quadratic HCa) is refit through throe of the four 
available points and the process repeated. 

Computer implementation of the interior penalty function 
method is done in double precision arithmetic. The gradient 
calculations are done initially by the forward difference method 
and later by the central difference method. 

4.5 Initial Feasible Design 

Fig. 4. 4 illustrates the starting point that is in general 
feasible for cohesionless soils. This has been taken from Bowles 


(1988) . 



A6 



FIG. 4.1: FLOU CHART FOR INTERIOR PENALTY FUNCTION METHOD 
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FIG. 4.2: FLOU CHART FOR DAVI DON-FLETCHER-POUELL METHOD 









FIG 43 : FLOW CHART FOR QUADRATIC 
INTERPOLATION 
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to H/i: 


FIG-4-4 ■■ INITIAL FEASIBLE DESIGN 



CHAPTER V 


RESULTS, DISCUSSION AND CONCLUSIONS 


5.1 General 

The formulation described earlier is applied in seeking the 
minimum cost design of a free standing cantilever retaining wall 
on (i) rigid and (ti) flexible, foundations. 

Four classes of cohesionless soils have been considered in 
the present work The representative values of the properties of 
these soils are given in Table 5.1 


Tabl 6 5 1 : REPRESENTATIVE PROPERTIES OF SOIL 


Soil 

c 

N/m^ 

Degrees 

m 

K 

s 

N / • m 

Gravel 

0 0 

42 0 

19620 . 0 

'125 10^ 

Sand 

well graded 

0.0 

38.0 

18640.0 

80 lO'^ 

Sand 

uni f ormly 
graded 

0.0 

1 34.0 

18150 . 0 

60 10*^ 

Non-Plastic 

Silt 

0.0 

28.0 

17265.0 

45 10“^ 


The above values have been taken from Bowles (1988), 
Huntington (1957) and Lambe & Uhltman (1969). It is assumed that 
the backfill and the foundation materials are the same in a 
particular case The overall height of the wall is varied from 
three to six meters The foundation level is at a minimum of one 







meter below eround level. 

Concrete of grade M 15 and steel of grade FE 435 have been 
used. 12 mm diameter bars have been used for the heel and toe 
projections. For the stem, 16 mm diameter bare are used for wall 
heights up to 4.5 m and 20 mm diameter bars for wall heights above 
4.5 m. The clear cover to the main steel is taken as 50 mm. The 
unit cost of concrete is taken to be Re. 1100 per cubic meter 
while that of steel is Rs . 9500 per ton. 

All computations have been carried out on the Hewlett Packard 
9000 system. The CPU time taken to obtain an optimum design is 
about 5 seconds for retaining walls on rigid foundation and about 
120 seconds for retaining walls on flexible foundation. 

Results for each class of soil are presented below. 

5.2 Soil: Gravel 

Table 5 2 and Fig 5.1(a) show the variation of minimum cost 
with the height of the wall. 


T able 5.2 


Overall height 

Kiniffium cost 

in Rupees J nO 

of wal 1 

_ - (m) 

rigid fdn. 

f 1 exibl e f dn 

3.0 

1286 

1256 

3 5 

1605 

1571 

4 0 

2017 

1967 

4.5 

2513 

2435 

5 0 

3175 

3069 

5 5 

3827 

3688 

6 0 

- - - . - - 

4564 

4374 
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The minimuiB cost design of the retaining wall on rigid 
foundation is slightly higher than the corresponding cost on 
flexible foundation for all heights considered. 

For rigid foundation behavior, the active constrajnts are. 

(a) Limit on the eccentricity, 

(b) Moment of resistance at the stem base, 

(c) Shear resistance of the toe projection, 

(d) Moment of resistance of the heel projection 

Constraints (a),(b) and (c) above, are active for all wall 

heights considered while constraint (d) is active for wall heights 
ranging from 3.0 m to 5 5 m Thereafter, shear governs the design 
of the heel. An additional constraint, namely, lower bound on the 
stem base thickness, is active for wall heights up to 3.5 m only. 
The percentages of steel are seen to adjust in such a manner as to 
yield balanced sections. 

The variation of the sizing variables, corresponding to the 
optimum design, with the height of the wall is shown in Fig. 5. 2. 
The stem base thickness (X^), the depth of the toe projection (X^) 
and the depth of the heel projection (X^) are seen to increase as 
the height of the wall increases. The length of the heel 
projection (X^) increases very rapidly with the wall height. This 
IS because the weight of the soil above the heel is mainly 
responsible for the stability of the wall against sliding and 
overturning due to the lateral earth pressure. The length of the 
toe projection (X^) is seen to increase as the wall height 
increases up to 4 0 m. Thereafter it decreases gradually 

For flexible foundation behavior, once again all constraints 
listed above, except constraint (a) which is non-existent, turn 
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out to be active. In addition, the constraint for aafety against 
overturning is active for all wall heights. 

Referring to Fig 5.2, as the wall height increases, the 
sizing variables, corresponding to the optimum design, show a 
trend similar to that obtained for a rigid foundation. The 
percentage difference in minimum cost of the optimum designs 
corresponding to a rigid foundation and a flexible one is seen to 
vary from 2.33 % to 4.15 % as the height of the wall increases 
from 3.0 m to 6 0 m. The thickness of the stem base is the same 
for both cases The thickness and length of the toe projection is 
less for a flexible foundation for all wall heights considered. 
The length of the heel projection is also greater for wall heights 
up to 5.5 m. The thickness of the heel projection is greater for 
wall heights up to 4 5 m The base width of the wall footing is 
about 7.36 i smaller for a flexible foundation. 

The lower cost for optimum design for a flexible foundation 
is due to the fact that the soil is allowed to withstand limited 
tension. The latter is not admissible for a rigid foundation. The 
difference in the thickness of the heel and the toe projections 
obtained is due to the difference in the bearing pressure 
distribution under the footing A typical variation of bearing 
pressure obtained for a flexible foundation is illustrated in 
Fig. 5. 3. 

Gravels have a high angle of shearing resistance. 
Consequently, they offer high resistance to sliding, foundation 
bearing failure and slip circle failure. The allowable bearing 
capacity obtained from the expressions given in appendix A varies 
from 530 KN/m* to 670 KN/m* The base width of the wall is seen to 



reduce till either the eccentricity ie maximum permissible for 
riftid foundation behavior or the safety against overturning is 
critical for flexible foundation behavior. Shear governs the toe 
projection design as it is small in length and is subjected to 
high foundation bearing pressures. 

5.3 Soil: Uell Graded Sand 

Table 5.3 and Fig. 5. 3(b) show the variation of minimum cost 


with the height of the wall. 

Tabl e 5.3 


Overall height 

of wall 

- C'^') 

Minimum cost 

in Rupees / ID 

rigid fdn. 

flexible fdn. 

3 0 

3 325 

3310 

3 5 

1679 

1645 

4 0 

23 34 

2075 

4 5 

2668 

2580 

5.0 

3378 

3260 

5 5 

4084 

3930 

6 0 

4878 

4686 


Retaining walls on rigid foundation have a minimum cost 
slightly higher than the corresponding cost on flexible foundation 
for all wall heights considered. 

For rigid foundation behavior the active constraints are the 
same as for gravel in section 5.2 However, the constraint for 
the moment of resistance of the heel is active for the entire 
range of wall heights The variation of the sizing variables, 
corresponding to the optimum design, with the height of the wall 











ie shown in Fig. 5 4. The trend observed is the same as that for 
£ravel , 

For flexible foundation behavior, the active constraints are 
the same as for gravel in section 5.2. The sizing variables, 
corresponding to the optimum design, show a similar trend. 

The percentage difference in minimum cost of the optimum 
designs vanes from 3.13 % to 3.94 % as the height of the wall 
increases from 30m to 6.0 m The thickness of the stem is the 
same for both. The length and the thickness of the too projection 
is less for flexible foundation behavior. The length of the heel 
projection is greater for wall heights up to 5 0 m. The thickness 
of the heel projection is greater for flexible foundation behavior 
for wall heights up to 4.0 m The base width is smaller by 6 85 % 
for flexible foundation behavior 

The allowable bearing capacity obtained varies from 245 
KN/m to about 300 KN/m*^ . The similarity in behavior of well graded 
sand and gravel is because both have high angles of shearing 


resistance . 



5.4 Soil: Uniformly Gradad Sand 

Table 5.4 and Fig. 5. 1(c) ahow the variation of minimum coat 
with the height of the wall. 


T able 5.4 


1 Overal 1 height 

Minimum cost 

i n Rupoes JyT) 

rigid fdn. 

flexible fdn 

3.0 

1 373 

3 348 

3.5 

3 769 

3 728 

4.0 

2270 

2203 

4.5 

2853 

2765 

5.0 

3654 

1 

i 3530 

5.5 

4457 

4297 

6.0 

5379 

53 70 


Retaining walls on flexible foundations give a lower minimum 
cost as compared to those on rigid foundations for all heights 
cons J der ed 

For rigid foundation behavior the constraints for the moment 
of resistance of the stem and heel projection and the shear 
resistance of the toe, are active for all wall heights considered 
The lower bound on the thicRness of the stem base is active for 
wall heights up to 3.5 m only The constraint for limit on the 
eccentricity is active for wall heights up to 4.5 m only. 
Thereafter, the constraint for maximum foundation bearing pressure 
is active. All the steel percentages adjust to yield balanced 
sections . 

The variation of the sizing variables, corresponding to the 
optimum design, with the height of the wall is shown in Fig. 5 5. 
The stem base thickness and the depth of the toe and heel 
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projections are seen, to Increase as the wal] height increases from 
3.0 m to 6 0 m The length of the heel projection increases very 
rapidly with the wall height 

For flexible foundation behavior, all constraints mentioned 
above, excluding the limit on the eccentricity, are active. The 
constraint for safety against overturning is active for wall 
heights up to 4.0 m, beyond which, the constraint for maximum 
foundation bearing pressure becomes active. Referring to Fig 5.5, 
the sizing variables corresponding to the optimum design, show a 
trend similar to that observed for a rigid foundation 

The percentage difference in minimum cost of the optimum 
designs vanes from 1.82 % to 3.89 k as the wall height increases 
from 3.0 m to 6.0 m The stem thickness is the same for both The 
thickness of the toe projection is less for flexible foundation 
behavior. The length of the toe projection is substantially less 
for wall heights up to 5.0 m. The length of the heel projection is 
greater for wall heights up to 4 5 m Thereafter it is less. The 
base width of the wall is smaller by about 4 88 % for flexible 
foundation behavior. 

The value of allowable bearing capacity obtained varies from 
124 KN/m^ to 156 KN/m^ . Hence, for a height of about 4.0 m to 4.5 
ffl, the constraint for maximum foundation bearing pressure becomes 
active as the base width is small and the vertical load on the 
foundation is large leading to high bearing pressure. 
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5.5 Soil: Non-plastic silt 

Table 5.5 and Fig. 5 1(d) show the variation of minimum cost 
wi th the height of the wa] 1 


Table 5.5 


Overal 1 height 

of wall 

- . 

flinimum cost 

in Rupees j yT) 

rigjd fdn. 

flexible fdn. 

3.0 

1556 

1490 

3 5 

2080 

3 9 94 

4 0 

270i 

2598 

4 5 

3536 

3398 

5 0 

iblO 

4439 

5 5 

5765 

5641 

6 0 


7106 

1 

! 


The wall on a flexible foundation gives a lower minimum cost 
as compared to the wall on a rigid foundation However, this is 
observed for wall heights ranging from 3.0 m to 5.5 m only. For a 
wall height of 6.0 m the former has a higher minimum cost. 

For rigid foundation behavior, the constraints for moment of 
resistance of the stem, heel and toe, are active for all wall 
heights. The constraint for maximum foundation bearing pressure is 
active for wall heights from 3.0 m to 4.5 m only For wall heights 
of 5.0 m and above, the constraints for safety against sliding 
and slip circle failure are active. The percentages of steel 
adjust to yield balanced sections. The lower bound on the stem 
base thickness is active for wall height of 3.0 m only. 

The variation of the sizing variables, corresponding to the 


optimum design, with the height of the wall shown in Fig 5.6. The 
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thickness of the stem base and the depth of the too and heel 
projections are seen to increase vj th the wall height. The length 
of the toe projection increases gradually with an Increase in wall 
height up to 4.5 m Thereafter, a sharp increase is noticed up to 
a wall height of 6.0 m. The length of the heel projection 
increases with wall height up to 4.5 m. Ihen a decrease is noticed 
till a wall height of 5.0 m. Thereafter a gradual increase takes 
place. This behavior is due to the fact that at a wall height of 
4.5 m the constraint for slip circle failure becomes active while 
that for maximum foundation bearing pressure ceases to be active. 
The base width needs to be increased to maintain stability of the 
wall. Increase in the length of the toe projection results in an 
increase in the factor of safety against slip circle failure 
Increase in the length of the heel projection will also result in 
an increase in the factor of safety, though at a much slower rate. 
Hence, the length of the toe projection is seen to increase in 
order to maintain stability. 

For flexible foundation behavior, the constraints for moment 
of resistance of the stem and heel and the constraint for maximum 
foundation bearing pressure are active for all wall heights 
considered The constraint for moment of resistance of the toe is 
active from a wall height of 3.0 m to 5.5 m only. Thereafter, 
shear governs the toe design. The constraint for safety against 
slip circle failure is active for a wall height of 4.5 m and 5.0 m 
only The constraint for lower bound on the stem base width is 
active for a wall height of 3 0 m only The percentages of steel 
adjust to yield balanced sections Referring to Fig 5.6, the 
sizing variables corresponding to the optimum design, show a trend 
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similar to that observed for a rigjd foundation. 

The percentage difference in minimum cost of the optimum 
designs is seen to decrease from 4.25 % to 2.5 % as the wall 

height increases from 3 0 m to 5.5 m For a wall height of 6.0 m 
the wall on a rigid foundation has a cost lower by about 1.2 % 
with respect to the corresponding cost for a wall on a flexible 
foundation. The stem thickness is the same for both. The thickness 
of the toe projection is less for flexible foundation The length 
of the toe projection is less for wall heights up to 45 m. 
Thereafter, it is almost same for both cases. The length of the 
heel projection is greater for wall heights exceeding 4.5 m. 

Non-plastic silts have a low angle of shearing resistance. 
Hence, a large base width is required to maintain stability 
against foundation bearing failure, slip circle failure and 
sliding failure The allowable bearing capacity obtained varies 

9 2 

froin 54 KN/m to 99 KN/m - As this value is low, the constraint 
for maximuiR foundation bearing pressure is seen to be active for 
all wall heights considered. 

5.6 Some Salient Observations 

Referring to Fig 5.1, it is observed that the minimusa cost of 
the wall increases as the soil changes from gravel to well graded 
sand to uniformly graded sand and finally non-plastic silt. This 
is due to the fact that shearing resistance of the soil reduces in 
that order A lower angle of shearing resistance results in a 
higher lateral earth pressure being exerted on the wall This 
results in a higher minimum cost 

It is interesting to note that even though in the flexible 
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foundation behavior the aoi 1 has been allowed to withstand limited 
tension, no tension occurs jn the foundation for all classes of 
soil corresponding to the optimum design 

5.7 Guidelines for Preliminary Optimum Design 

A study of the optimum designs for each class of soil 
indicates that the following proportioning of the sizing variables 
Will yield a near optimum design. 


5^6 : SIZING VARIABLES FOR NEAR OPTIMUM DESIGN 


Variabl e 

Soil 

Gravel 

Uell 

Graded 

Sand 

Uni f ormly 
Graded 
Sand 

Non-plastic 
Sil t 


H /13 
w 

H /12 
w 

H /II 
w 

H /lO- H /II 
w w 

^2 

H /16 
w 

H /15 
w 



^3 

H /6 - H /lO 
w w 



H /3 - H /? 

V w 

^4 

H /6 - H /4 
w w 

H /6 - H /4 
w w 

H /5 - H /4 
w w 

H /3.5- H /4 
w w 

^5 

H /16- H /15 
w w 

H /15 
w 

H /14 
w 

H /36- H /18 
w w 


The different cross sections need to be designed as balanced 


sections for minimum cost. 
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5 . 7 Conclusions 

(i) The cuniiaum cost design of the retaining wall on rigid 

foundation is seen to be slightly higher than the 

corresponding cost on flexible foundation for all wall 
heights ranging from 3.0 xn to 6.0 m. 

(ii) There is no significant reduction in minimum cost 

corresponding to the optimum design of retaining walls 
considered on flexible foundations. 

(iii) The optimum design is a fully stressed design as each 
component is a balanced section. This would have been 
expected as the system is determinate when the wall is on a 
rigid foundation. However, it also turns out to be so when 
the wall is considered on a flexible foundation oven though 
this system is indeterminate. The reason for this is the 
fact that the flexibility of the foundation has very little 
effect on the optimum design of the retaining wall. 

(iv) The soil does not experience any tension effects for the 
flexible founds ti on . 

(v) Optimum design of retaining walls of the heights considered, 
can be carried out by assuming that the foundation is rigid. 
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FIG 5 1 VARIATION OF MINIMUM COST WRT HEIGHT OF WALL 
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FIG- 5-3 :TYPICAL VARIATION OF BEARING PRESSURE 
FOR FLEXIBLE FOUNDATION 




HEIGHT (m) 


riG.5-4 : VARIATION OF SIZING VARIABLES WITH 
HEIGHT 
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APJPENnj_X A 


MEYERHOF’S BEARING CAPACITY EQUATIONS 


Meyerhof (1963) proposed the following equation to estimate 
the bearing capacity of a strip footing subjected to an eccentric 
] oading . 


Q_=-cN d 1 + qN d i + O.Sj'BN d i (A.l) 

ujt ccc qQq 

where is til® ultimate bearing capacity. 

The factors N , N and N are given by the expressions, 
c q t 

= e" '‘^^^'^tan^ (45 + <f'-/2) 

N = (N - l)cot0 
c q 


N ^ (N - I )tan(3 4<s’>) 
i q 


(A 2) 


The depth factors d , d and d are given by 

c q Y 


d =1 + 0.2 -/k* — - 

c P B 


for any value of 4’ 


d =^l + OiyK 


D 

B 


for <?5> > 10 


(A 3) 


The inclination factors i , i and i are given by 

c q t 

1 - 1 = (l-0*/9O*)^ for any 4^ 

c q 

1 ^ = (1 - e‘ ! <?!>“)* for <?’. > 0 (A. 4) 

In the above expressions, 

» 

B - B - ?e ; IS the effective breadth of the footing, 

B IS the breadth of the footing. 


e IS the eccentricity of the resultant load 


on 


the 
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f ounaat i on , 

D is the depth of the footing below ground surface, 
6 is the angle of the resultant measured from 
Without a Sign, 

c and are as defined before, 

k' ^ tan*C45 + 

P 

A factor of safety of 3 0 is applied to the 
ultimate bearing capacity to yield the allowable bearing 


vert j cal 


est imat ed 
capaci ty - 



APPENDIX B 


COMPUTATION OF FACTOR OF SAFETY FOR SLIP CIRCIE FAILURF 

This type of failure is illustrated in Fig. 3. 2. It usually 
occurs along a curved surface, which is assumed to be cylindrical 
and which passes through the heel of the retaining wall 

The force that causes sliding along the arc is denoted by IT. 
The resisting force is the shear strength of the soil along the 
arc, denoted by S The factor of safety is gjven by 

S t an<fj + cl 

F = = ? (R.l) 

SIT FT 

where 1 is the length of the arc, 

o is the unit normal stress along the arc, 
n 

c and are as defined before 

Due to the varying direction of <y , does not equal N, the 

n n 

resultant normal force on the arc The force ZT can be determined 

easily by considering moment equilibrium about the assumed arc 

center 0 in Fig 3.2. However, the computations required to 

determine To* are more complex Hence, Huntington (1957) suggests a 
n 

simple approximate method that yields values within 5% of the true 
value of the factor of safety. 

The portion AD of the trial arc in Fig 32 is assumed to 

coincide with the Rankine’s inner failure plane so that the force 

acting against the virtual back of the wall is the active earth 

pressure, P Let and ZE be the vertical and horizontal 

a 

components of the resultant pressure on the foundation of the 
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retaining wail. Let the weight of the volume of the eoJ] in the 

# 

area Aabc in Fjg.B 1 be denoted by U Define 

a 

EV, =■ EV - 
1 a 

Let the resultant of EH and EV^ , intersect the trial arc 
at point 0^ jn Fig B.l(a). Let and be the normal and 

tangential components of at point 0^. The weight of soil in 

area Aade including the weight of soil displaced by concrete, is, 

^ 2 r Xq CB.2) 

The sum of the normal components along the arc, due to , 

iS, 

Nj ‘ CB.3) 

Due to symmetry, the tangential component, T^, is equal to 
7 ero The area of the segment B.l(a), may be assumed 

to be equal to two - thirds of the area of the circumscribing 
rectangle Thus, the weight is, 

U 3 =. 1 33 3^ h 3 Xq CB.4) 

N 3 = g 3 U 3 (B.5) 

Due to symmetry, T 3 - 0 

The coefficients, g^ and g 3 , can be assumed as equal to 0 95 
for values of S up to 45°without introducing significant errors. 

The weight of soil in the area dec, which may be assumed as 

triangular, is, 

^ 0 5 h^ x* CB. 6 ) 

Let N^and be the normal and tangential components of U^. 
T^ IS negative as it opposes the action of T^ . 

The factor of safety can be computed from (B 1) with 

EN = + N 3 + , 

ET T^ - T^ 


CB.7) 
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A number of trial arc centers are to be assumed and the 
critical arc center which yields the minimum factor of safety is 
to be found. However, Huntington suggests that the point 0 in 
Fig B.l may be assumed as a reasonably good arc center for 
cohesion! ess soil and with no surcharge on the backfill. 
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